Magneto-optic Kerr microscopy was employed to investigate the spin-orbit interactions of electrons traveling in semiconductor quantum wells using surface acoustic waves (SAWs). Two-dimensional images of the spin flow induced by SAWs exhibit anisotropic spin precession behaviors caused by the coexistence of different types of spin-orbit interactions. The dependence of spin-orbit effective magnetic fields on SAW intensity indicates the existence of acoustically controllable spin-orbit interactions resulting from the strain and Rashba contributions induced by the SAWs. DOI: 10.1103/PhysRevLett.106.216602 PACS numbers: 72.25.Dc, 71.70.Ej, 71.70.Fk, 77.65.Dq The control of the spin-orbit interaction (SOI) in semiconductors is one of the keys to developing spintronics technologies [1] because it will greatly enhance spin lifetimes [2] and enable spin manipulation in ways that have been proposed for spin field-effect transistors [3] , spin filters [4] , and quantum computers [5] . The measurement of spin precession during carrier transport is a straightforward way of investigating SOIs in semiconductors. Conventional techniques involving spin transport under a dc-electric field [6] have been used to observe the spin precessions induced by SOI in the absence of an applied magnetic field [7] . Surface acoustic waves (SAWs) applied to semiconductor quantum wells (QWs) provide another way to transport electron spin coherence [8] [9] [10] . This method has the advantage of effectively suppressing the dominant spin relaxation process caused by the electronhole exchange interaction [11] , owing to the spatial separation of electrons and holes in the type-II-like lateral potential modulation created by the SAWs [8] . As a result, it has become possible to transport electrons acoustically over distances close to 100 m while maintaining their spin coherence during precession around the effective magnetic fields caused by SOIs [9] .
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The effective magnetic field induced by any type of SOI can be used to manipulate the spin states of moving electrons. In systems with the Rashba SOI [12] , the strength of the SOI can be controlled by an external gate voltage [13] . Recently, alternative SOIs induced by strain have been experimentally investigated in lattice mismatched heterostructures [7, 14, 15] and mechanically strained samples [16] [17] [18] . In contrast to the static strain fields used in these studies, SAWs provide dynamic strain and piezoelectric fields, thus opening the way for tuning the SOI by electrically adjusting the SAW intensity.
Measurements of the momentum direction dependence of SOIs have been widely used to determine their origins [7, 14, 15, 19] . However, in the previous acoustic spin transport experiments based on photoluminescence polarization measurements [8] [9] [10] , a detailed analysis of the momentum direction dependence of the SOIs has been difficult to achieve, because the photoluminescence method requires special procedures for enhancing radiative recombination by locally screening the SAW-induced piezoelectric field. Here, we adopted the magneto-optic Kerr rotation (KR) method to explore the two-dimensional (2D) dynamics of traveling spins under SAWs over a wide range of acoustic amplitudes. This KR detection method does not require carrier recombination and so provides flexibility when we perform spatially resolved measurements of spins traveling in the QW plane. The present experiment, in which we precisely determined the SOIs with strengths of the order of 10 À14 eV m, reveals the existence of spatially anisotropic SOIs as well as their dependence on SAW strength. A theoretical analysis of the experimental results elucidates the mechanisms of the acoustically controllable spin dynamics by taking into account the SAW-dependent SOIs induced by both the strain and Rashba contributions as well as the SAW-independent static SOIs.
The sample we studied was a 20-nm-thick undoped GaAs single QW with short-period GaAs=AlAs (30% average Al content) barriers grown by molecular-beam epitaxy on a (001) semi-insulating GaAs substrate. The QW was located 485 nm below the surface. A 50-nm-thick Al film deposited on top of the sample was processed by electron-beam lithography into interdigital transducers, which were designed for operation at a SAW wavelength of 2:55 m and a frequency of 1.154 GHz. Rayleigh SAWs propagating along ½AE110 with a SAW velocity jv SAW j ¼ 2:9 km=s produce ''moving wires,'' which are formed by 1D lateral confinement of the SAW-induced piezoelectric potential. The interference of two orthogonal SAW beams forms ''moving dots'' traveling along [010] with a velocity of ffiffiffi 2 p jv SAW j (Fig. 1, inset) [9] . The spin dynamics during transport was measured by time-and spatially resolved KR microscopy using a modelocked Ti:sapphire laser (1.5 ps, 82 MHz, 1.527 eV) as illustrated in the inset in Fig. 1 . Circularly polarized pump pulses (an averaged power of 1:1 W) were focused at a fixed position on the sample, while the KR angle of reflected linearly polarized probe pulses (0:9 W) with a time delay was measured by using a balanced detection technique. The polarization of the pump light was modulated between left-and right-circular polarizations at 50.1 kHz, and the probe light was chopped by using an acousto-optic modulator at 52.0 kHz. The difference frequency (1.9 kHz) was used as a reference for lock-in detection. The full width at half maximum spot size of the normally incident probe beam was approximately 3 m, whereas the waist size of the obliquely incident pump beam was 6 m and its spot on the sample was slightly elongated along the [100] direction. The position of the probe light spot was scanned in the QW plane for spatially resolved KR measurements. For the 2D mapping of steady-state spin distributions, we adopted a two-color pump-probe method using a pair of cw Ti:sapphire lasers. All the measurements were carried out at 30 K in the absence of applied magnetic fields. Figure 1 shows the spatiotemporal evolution of photoinjected spins trapped in the moving dots traveling along [010] . The slope of the KR signal in Fig. 1 indicates that the spin-polarized electrons move with the expected velocity of ffiffiffi 2 p jv SAW j ¼ 4:14 km=s. The oscillations with a period of about 4.5 ns are attributed to spin precession around the SO effective magnetic field. The data thus clearly demonstrate that our method successfully extracts information about the spin dynamics including spin transport and spin precession induced by SOIs. Figure 2 compares the spatial mapping of the steadystate spin densities for moving wires [Figs. 2(a) and 2(c)] and moving dots [ Fig. 2(b) ]. In the two-color measurement, the pump energy was fixed at 1.527 eV, whereas the probe energy was tuned at 1.525, 1.526, and 1.528 eV for The SOI dependence on the traveling direction is known to be caused by the coexistence of different types of SOIs [7, 14, 15, 19] . For electrons confined in (001) QWs, the momentum-dependent effective magnetic field so ðkÞ is primarily determined by k-linear terms, which are classified into two types [21] 
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where we used a coordinate system with base vectorsX k ½100,Ŷ k ½010, andẐ k ½001. Figure 3 shows the orientation dependence of ðkÞ and ðkÞ in k space. Since these vectors have different dependences on the direction of k, their coexistence leads to the twofold symmetry of j ðkÞ þ ðkÞj as illustrated in Fig. 3 . In general, ðkÞ and ðkÞ are mainly induced by the structural inversion asymmetry caused by a static electric field [Rashba SOI [12] , as described by Eq. (1) with an SOI parameter R ] and the intrinsic bulk inversion asymmetry (Dresselhaus SOI [22] described by D ), respectively. In the present system, we consider three additional contributions described by ) is induced by the off-diagonal (diagonal) components of strain tensor" [23] [24] [25] . Hence, and in Eq. (1) are given by the sum of the contributions, i.e., ¼ P i and ¼ P i . As expected, varies with the SAW intensities P SAW , which is defined as the acoustic power flux per unit length along the cross section of the SAW beam. The symbols in Fig. 4(a) represent experimentally obtained ½010 , ½110 , and ½ " 110 versus ffiffiffiffiffiffiffiffiffiffiffi ffi P SAW p , which is proportional to the amplitude of the SAW piezoelectric and strain fields. We estimated P SAW from the band gap shift observed in photoluminescence spectra [26] . As P SAW increases, ½010 ( ½AE110 ) monotonically increases (decreases), suggesting that the SOI is acoustically controllable. We also found that ½110 and ½ " 110 do not coincide even if we reduce P SAW , thus indicating the presence of a second SAW-independent contribution in addition to D . We will assume this contribution to be of the type (described by 0 ). It may be composed of the static Rashba term R induced by the carrier-induced band bending and another SOI term that has its origin in the unintentional static strain introduced during the sample mounting and/or cooling processes.
To extract the acoustically induced SOIs from the experimental results, we estimated each SOI contribution to the spin precessions as follows. From the calculation of the Rayleigh SAW fields including the piezoelectric coupling [27] , we obtain the components of" and the vertical piezoelectric field F Here, the following material constants were used: r
À10 eV m [17] , and D ¼ 6:6 Â 10 À12 eVm [25] . We also estimated the P SAW dependence of D ¼ hk . To fit the previous expressions to the data in Fig. 4(a) , we used the two P SAW -independent parameters as fitting parameters: The first is D ¼ 1:85 Â 10 À13 eV m, from which we extract ¼ 1:16 Â 10 À29 eV m 3 [29, 30] . The other parameter 0 ¼ À2:5 Â 10 À14 eV m is the static component of that was discussed above.
The calculated results [ Fig. 4(b) ] reveal the contributions of the SOI parameters ( Fig. 4(a) represent the values calculated by using the SOI parameters of Fig. 4(b) . Note that the changes in calculated for the moving dots well reproduce the experimental data. The corresponding changes in
under the present experimental conditions are only approximately 10 À14 eV m. Our experimental method is, therefore, highly sensitive to the changes in the SOIs. We also found that the slope of ðP SAW Þ for the moving dots is not as steep as those for the moving wires. This occurs because fields related to SAW½010 R and SAW½010 S are orthogonal to the strong determined by the Dresselhaus contribution D . For the moving wires, in contrast, all contributions lie along the same direction perpendicular to the SAW propagation. However, the carrier diffusion along the wires prevents the long-distance spin transport.
In contrast to the good agreement obtained for the moving dots, there are certain discrepancies between the experimental data and the calculations for the moving wires, which are not yet fully understood. We should consider that the rapid decrease in the carrier density due to the lateral diffusion in the moving wires, as observed in Figs. 2(a) and 2(c), might influence the spin dynamics through the modulation of the Rashba contribution with the carrier-densitydependent band bending. Another possible origin is the SAW-induced strain gradient alongẐ [7] . The strain gradient leads to structural inversion asymmetry and thus introduces another SAW controllable SOI. Consequently, there should be additional contributions similar to and , which are proportional to @" XY =@Z and @" ii =@Z, respectively. Further studies and theoretical developments are needed to explore the relevant mechanisms.
In conclusion, we have studied the SOIs of electrons traveling in semiconductor QWs using SAW fields. The time-and/or spatially resolved KR technique enabled the 2D imaging of the traveling spins, which revealed anisotropic spin precession behavior resulting from the coexistence of different types of SOIs. The dependence of the precession frequencies on SAW intensity was analyzed based on a theoretical model, indicating that the strength of the SOIs due to strain and Rashba contributions can be tuned by adjusting the SAW intensity. The demonstrated experimental method is beneficial for further investigation of acoustically induced SOIs in semiconductors. It will also provide the flexibility needed for spin manipulation via dynamically controlled SOIs in future spintronics applications.
